The Czochralski method is one of the very few melt growth techniques that are industry friendly when considering the combination of quality, dimensions, and cost of the produced crystals suitable for their commercialization in scintillation detectors. This method is one of the oldest and most developed crystal growth processes regarding an adequate understanding the physical phenomena observed during solidication process and its practical expansion especially in the industrial scale production. It allows controllable formation of single-crystalline cylindrical ingots of various inorganic scintillation materials. The review summarizes recent progress on the Czochralski growth of a number of scintillation materials. The oxide crystals are mainly considered including the Ce and Pr--doped RE3Al5O12, RE = Y, Lu, aluminum garnets and newly discovered ultraecient Ce-doped Gd3(Ga,Al)5O12 multicomponent garnet, high density PbWO4 and CdWO4 tungstates, Ce-doped RE2SiO5, RE = Y, Gd, Lu, oxyorthosilicates and (Y,Lu)AlO3 aluminum perovskites and nally the classical Bi4Ge3O12 scintillator. Additionally, the details of the growth of other practically important non-oxide crystals, namely the Ce and Eu-doped LiCaAlF6 neutron and ultraecient Ce-doped LaBr3 scintillators, are discussed. The potential of novel micro-pulling down growth method is briey described in the combinatorial search for new scintillator materials. Selected luminescence and scintillation characteristics including the spectra and decay kinetics, light yield and radiation resistance are also illustrated and overviewed.
Introduction
Inorganic scintillating crystals are solid-state materials of high structural perfection that demonstrate scintillation (luminescence) after their excitation by some kind of ionizing radiation (vacuum ultraviolet (VUV), X-ray, or γ-ray), accelerated particles (electrons, alpha-particles, protons, or ions), or even neutrons. Absorbed energy of the incoming radiation and/or particles is transformed into the ash of light in near UV-visible spectral region.
The ratio between the total emitted energy and energy of incoming high energy photon or particle denes the overall scintillation eciency and can be at the best few tenths, but typically much less, see [1, 2] . The luminescent characteristics of the scintillating crystals are dened by (1) intrinsic centers in the material, i.e. that of undoped crystals or (2) extrinsic centers that are due to impurities or defects formed in the crystal structure.
Generally, the dopants are foreign ions that substitute for the cations or anions of the host [3] .
Single-crystalline scintillators coupled with photodetectors are used in many high-tech elds that include high-energy particle physics, medical imaging (positron emission tomography, PET and related systems that help to visualize parts of the human body), border security, astrophysics, geophysical resource examination, etc. [4] . Depending on the application, various combinations of physical and scintillation characteristics of the crystals are considered. However, generally the scintil- * corresponding author; e-mail: yoshikawa@imr.tohoku.ac.jp lating crystals have to possess high structural perfection, low content of non-desired impurities, reasonably uniform dopant distribution, and be produced with reasonable cost. Furthermore, high density (presence of heavy atoms in the structure) and maximum stopping power (high eective atomic number) are always desired to reduce dimensions of the detection elements and sensors.
These requirements allow miniaturization of the devices and reduce the necessary size of the crystals to be grown.
Application of the crystal growth techniques that allow realistically fast growth of massive bulk crystals is always preferable in the industrial scale manufacturing process.
The Czochralski (CZ) melt crystal growth is one of such techniques. However, this method cannot be used for any crystal. Congruent melting of the target material is one of the requirements that make application of this method possible and ecient. 
Oxide crystals
In this section, growth of oxide scintillating crystals is summarized. In most cases, oxides have higher melting point than halides. Therefore, the growth apparatus must be designed to manage high power supply and to work at temperatures up to 2000 • C or even more. In the following sections, the growth of selected types of oxide crystals is outlined.
Garnets
Growth of articial garnet crystals is well established for decades [36] , and it is commonly accepted that growth of yttrium-aluminum garnet Y 3 Al 5 O 12 (YAG) from the melt can be successfully performed practically by any melt growth technique. From the point of view of crystal growth, YAG may be considered as typical crystalline substance that can play role of reference material.
Its higher density analog, the Lu 3 Al 5 O 12 (LuAG) has the same crystallographic structure and physicochemical properties that makes its growth also comparatively simple. On the other hand, LuAG is formed with much heavier rare-earth oxide Lu instead of Y that makes LuAG more attractive for scintillating applications [37] .
As an example, the growth of Pr-doped LuAG was recently reported in [3840] . The growth system was equipped with inductive radio-frequency (RF) heating.
The 2 inches in diameter bulk single crystals were produced at pulling rate of 1 mm/h and seed (Pr:LuAG) rotation of 812 rpm [5] . The growth apparatus used automatic diameter control system that was operated using signal received from the weight sensor. The Ir crucible was Ø100 × 100 mm 2 in dimensions, and it was protected from oxidation by Ar atmosphere.
The Pr:LuAG crystals of common shape (Fig. 2, left) contained many cracks at the shoulder and tail parts.
This shortcoming was associated with high thermal stress acting in the upper portion of the crystal following from large cone angle and the stress in the tail part caused from concave shape of the solid/liquid interface. The problem was resolved by reducing the shoulder cone angle and attening the solidliquid interface, and as a result growth of crack-free crystals (Fig. 2, right) was established [5] . The length of the crystal was 110 mm, and total solidication fraction for this process was about 40%
with respect to the volume of the starting melt. Fig. 2 . Avoiding crack formation in 2-inch Pr:Lu3Al5O12 crystals grown by Czochralski method by modication of the crystal shape (shoulder angle) and modication of temperature gradients according to [5] . [8, 9] , oating zone (FZ) [7] , and micro-pulling-down (µ-PD) [42, 43] .
In the past [8] , undoped GAGG were grown considering their applications as material for the magnetic refrigerator. However, very recently the Ce-doped GAGG attracted much attention as a scintillating material.
In [8] , the undoped GAGG crystals were produced in Increased content of Gd 3+ in the crystal reduced probability of crack formation as a result of its probable incorporation into octahedral sites of the garnet structure and its greater size of R(Gd 3+ ) = 93.8 pm. In addition, it was detected that the crack formation was more intense when the crystals were faceted that was result of convex shape of the solidliquid interface. The lattice parameters and the composition measurements demonstrated that the distribution coecients of Al 3+ was K(Al 3+ ) = 1.14 for x = 0.1 and K(Al 3+ ) = 1.07 for x = 0.4 considering Gd 3 (Ga 1−x Al x ) 5 O 12 garnet formula. Based on these val-ues, the existence of congruently melting composition of Gd 3 Ga 3 Al 2 O 12 was predicted in [8] .
CZ growth of the Gd 3 Ga 3 Al 2 O 12 crystals modied with corresponding Ce-doping was also reported in [9] . Similar to [8] , the crystals were grown using reduced pulling rate ( This demonstrated that GAGG cannot be considered as true congruently melting compound at least at the compositional range reported.
Regarding dopant incorporation, it was noted in [9] that segregation coecient K(Ce 3+ ) in GAGG was considerably greater than K(Ce 3+ ) = 0.082 reported for the YAG crystal grown by temperature gradient technique (TGT) in [45] . Also, according to [46] , the Ce content in the YAG crystals produced by CZ method was 8.4
times less compared to the Ce-content in the melt, that also corresponds to K(Ce 
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Optical, luminescence, and scintillation characteristics of Ce and Pr-doped LuAG and Ce-doped GAGG are summarized in Table III . Ce 3+ center at the dodecahedral site of LuAG structure shows fast 5d4f luminescence centered at about 510 nm (see Fig. 3 ) with the decay time of nearly 60 ns and the onset of thermal quenching above 700 K [47] . The same transition of Pr 3+ is situated at 308 nm (see Fig. 3 ) with the room temperature decay time of 20 ns which makes it more suitable for fast scintillator. Moreover, energy resolution of Pr-doped LuAG was found excellent, below 5% at 662 keV [48] . Scintillation response is in both cases troubled by slow components due to electron re-trapping at shallow traps in LuAG host [49] (Fig. 4) The authors of [11] paid special attention to the crack formation in PbWO 4 crystals and the maneuvers that may decrease number of these defects. This problem was associated with signicant dierence in thermal expansion that occurred along (100) and (001) crystallographic directions. It was observed that quality of the crystals was improved by slow cooling the crystal to room temperature after its annealing. Also, the cracking was induced from asymmetry of the temperature distribution around the crystal and high axial temperature gradient above the melt. In addition, the seed misalignment caused non-uniform growth of the crystal in radial direction. Thereafter, the shape control of the conical shoulder part (Fig. 1C) was not possible and the growth was terminated.
In addition, the PbWO 4 had tendency to crack when the diameter was increased very fast ( It was demonstrated in [15] that growth results were not aected very much by changing the rotation rate within the range of 520 rpm or practicing the reverse rotation. Fig. 5 . Growth of the CdWO4 [15] and Bi4Ge3O12 [22] crystals by low thermal gradient (0.11
Intense study of the PbWO 4 single crystals in 1990's was initiated due to selection of this material for the new generation of calorimetric detectors in Large Hadron Collider in CERN, see reviews [52, 53] . Later on, various electron trapping and hole trapping centers were system-atically characterized [69, 70] occurs well above room temperature [72] .
Fig. 6. Initial transmission and irradiation (
60 Co radioisotope, 10 Gy dose) induced absorption in the inset of the couple of equivalently grown undoped (a) and La--doped (100 at. ppm in the crystal) (b) PbWO4 single crystals. Reprinted from [52] . Fig. 7 . Spectrally unresolved thermo-luminescence glow curve above room temperature after X-ray irradiation at room temperature, reprinted from [52] .
Optimization of the PbWO 4 and CdWO 4 scintillation characteristics was focused mainly on their radiation hardness [52, 53] and afterglow [73] , respectively, and has been achieved by the aliovalent doping. While in the for- Table III form monoclinic structure with space group C2/c [16] .
In the rst case of Gd 2 SiO 5 type structure (P 2 1 /c), the rare-earth sites have coordination numbers CN = 7 and CN = 9. However, in the case of Lu 2 SiO 5 type crystals, the corresponding numbers are CN = 6 and CN = 7.
As a result, higher coordination numbers allow easier incorporation of the large Ce 3+ dopant. Therefore, the segregation coecients of Ce 3+ are about 0.6 [16] or 0.56 [19] for Gd 2 SiO 5 , 0.34 [19] for Y 2 SiO 5 , and 0.2 [16] or 0.22 [19] for Lu 2 SiO 5 . The CZ growth of Lu 2 SiO 5 crystals of 4080 mm in diameter was reported in [17] . The crucibles were made of Ir and were of 60120 mm diameter. The growths were performed in gas ow, closed atmosphere, or in vacuum. The crystals were doped with Ce, Ce+Tb, Ce+Mg, and Ce+Ca, and the melting points for corresponding starting materials were referred in [17] to be in the range of 19701980 • C. Depending on the growth process, the pulling rate was 0.72.0 mm/h, and the rotation rate was 815 rpm. The crystal diameter was 3078 mm, and the crystal length was in the range of 70170 mm.
Growth of Lu
Lu 2 SiO 5 is usually doped with 0.050.5% of Ce [18] .
However, in some cases [17, 18] This shortcoming was suppressed by incorporation of additional compensating co-dopant of Zn into the structure.
As a result, the acceptable surface tension was restored, stabilizing the growth process without reduction of scintillation performance of the crystal. The experiments demonstrated that amount of the Zn in the melt should be greater than that of Ce and Ca.
In [18] , the Ø32 × 100 mm almost independent on the type of the crystal structure that was formed [16] .
More detailed study of the Ce-doped mixed LSOGSO crystals regarding the growth process and relation between the structure and scintillation characteristics has been published recently [58] . The occurrence of two Ce 3+ luminescent centers in LSO, YSO, and GSO has been established in the early 1990's [56] given to two Lu or Gd sites in the structure mentioned above. EPR study determined [74] that about 95% of Ce 3+ centers is located at bigger 7-coordinated site in LSO. The onset of excited state ionization of Ce 3+ centers around room temperature was found by classical photoconductivity studies [75] and further described in detail by purely optical methods [76] .
Large eort has been devoted to the study of afterglow of LSO:Ce which was an obstacle for its practical applications [77] and is related to the dominant TSL peak at about 350 K, always observed in Ce-doped LSO or LYSO [78] (Fig. 8) . The most recent models point to the agglomeration of Ce 3+ centers with electron traps based on the oxygen vacancies where tunneling driven radiative recombination exists [79, 80] . The above mentioned Ca or Mg co-doping in Ce-doped LSO or LYSO enabled its optimization regarding the minimization of afterglow (see Fig. 9 ), where older generation LYSO:Ce sample from [78] and latest commercial samples of LYSO:Ce,Ca and YSO:Ce from Proteus, see also [57] , are compared. The [42, 84] , and other techniques.
In the melt of Bi 4 Ge 3 O 12 composition heated just above the melting point, the Bi 2 O 3 is more volatile [20, 84] . Therefore, some non-stoichiometry may be induced in the melt when the CZ growth of BGO is pro- Application of such growth system allowed authors of [22] to produce transparent high-quality crystals of BGO with dimensions achieving Ø150 × 400 mm 2 . In the growth conditions applied (Fig. 5, right Because of low temperature gradients, it was possible to set crystal to crucible diameters ratio as high as 0.8.
Therefore, similarity of the growth system setup illustrated in Fig. 5 (right) and the Bridgman growth was noticed in [22] . However, compared to the Bridgman method, the low temperature gradient CZ system was able to perform growth of crystals with their rotation that provided better mixing of the melt.
Luminescence properties of the Bi 4 Ge 3 O 12 were described for the rst time in 1973 by Weber and
Monchamp [85] . Broadband emission peaking around 480 nm (see inset in Fig. 10 ) with large Stokes shift of 14 000 cm −1 was ascribed to
The onset of thermal quenching was found around 250 K, see Fig. 10 , so that quantum eciency of the luminescence center around room temperature is of about 0.13 Fig. 10 . Temperature dependence of radioluminescence intensity of BGO at room temperature excited by X-rays, 40 kV. Spectrum shape is in the inset.
and is strongly temperature dependent. Later detailed luminescence study ascribed this emission to self-trapped exciton around Bi(GeO 4 ) 6 structural unit [86] . Optical, luminescence and scintillation characteristics of BGO are summarized in Table III Luminescence of Ce-doped YAlO 3 crystal was described by Weber [88] , and favorable scintillation characteristics were reported somewhat later by several groups Fig. 11 . Normalized scintillation decays of aluminum perovskites, composition in legend, excitation by 662 keV ( 137 Cs radioisotope), the data are from [96] .
[8991]. Research activity in the eld of aluminum perovskites was reviewed in [52, 69] . -luminescence, and the origin of some of them was determined by EPR measurements [93, 94] . In fact, increasing amount of Lu in (Lu,Y)AlO 3 :Ce makes the depth of traps bigger [78, 95] ; the amount of slow components in scintillation decay strongly increases (Fig. 11) which is probably the main cause of LY decrease [96] . Optical, luminescence and scintillation characteristics of Ce-doped YAP and LuAP are summarized in Table III. 5. Important non-oxide crystals 
Ce-doped and Eu-doped LiCaAlF 6
Initially the Ce-doped lithium-calcium-aluminum uorite (LiCAF) with colquirite-type structure was considered as excellent material for UV solid-state lasers [26] .
However, lately it was proposed to be used as scintillating substance [25, 97, 98] . This crystal melts congruently.
It is normally grown by CZ method from Pt or carbon crucibles under CF 4 atmosphere to avoid contamination of the melt and the solid with oxygen. Both resistive [28] and inductive [27] heating methods are applied to produce the melts used for the growths.
The typical procedure for the growth of undoped LiCaAlF 6 is described in [28] . The crystals were grown by CZ method in a vacuum tight chamber from the resistively heated Pt crucibles with crystal diameter control system. The powders of high-purity starting materials were mixed together and charged into the crucible. The pre-growth treatment of starting materials involved several steps described below, see also [28, 29] : 2. The high-purity (99.99%) [28] or (99.9999%) [29] CF 4 gas is slowly injected into the chamber.
3. Thereafter, heating of the starting materials is performed until their complete melting at approxi-
The growth in [28] was performed using typical process similar to that illustrated in Fig. 1 . The crystals were grown along a-axis following orientation of undoped [28] . However, this positive result was accompanied with intense crack formation that was most probably result of high temperature gradient and increased thermal stresses acting in the crystal at the cooling stage. To avoid crack formation, the as grown crystal and the crucible with rest of the melt were displaced in downward direction after the crystal was separated from the melt and the growth was completed. This way, the cooling of both was performed in low temperature gradient environment. As a result, the as treated crystal was free of both the inclusions and cracks. It was noted in [28] that surface of the crystal shoulder was coated with some particles of LiF and AlF 3 , however, interior part of the crystal was transparent. Vaporization of LiF and AlF 3 from the surface of the melt was also noticed in [26] .
Growth of Ce-doped LiCaAlF 6 is generally similar to that of described above. The Ce-doped LiCAF crystals of 25 and 50 mm in diameter and up to 100 mm in length were grown in [25] from Pt crucible also in CF 4 atmosphere. The melt contained 0.5 mol.% of CeF 3 and NaF was used as a charge compensator. only). Nevertheless, noticeable increase of the Ce content with solidication fraction was detected [29] . On the other hand, this did not aect uniformity of the lattice parameters.
In the LiCaAlF 6 structure, the Ca 2+ host cation is sub- For the growth of the 2 mol.% Eu-doped LiCaAlF 6 crystals, the system equipped with inductive heating and automatic diameter control was applied [27] . EuF 3 was used as a source of Eu-dopant. The crucible and the fragments of thermal insulation were produced from high--purity graphite. The crystal produced using c-axis oriented LiCaAlF 6 crystal as a seed was about 50 mm in diameter and had no visible defects.
Radio-luminescence spectra in Fig. 12 show the peak positions at about 285 nm and 368 nm for the Ce-and Eu-doped LiCAF, respectively, and provide a quantita- Fig. 12 . Radio-luminescence spectra of the Ce-and Eu-doped LiCAF compared with the BGO standard scintillator, see also [62] . Spectra can be compared in an absolute scale. Scintillation decays shown in Fig. 13 are approximated by the model function I(t): I(t) = a 0 + a 1 e −t/τ1 + a 2 e −t/τ2 + (bt + c)
and has been chosen to include two excited state levels or one excited state and one shallow trap levels given by exponential terms, and an additional tunneling and/or other recombination process coming from the transfer stage of scintillation mechanism given by the inverse power term, see [62] for further details. Leading exponential decay components with decay times of 34. It melts congruently at temperature of 783 • C that is typically low for this type of materials. Therefore, according to [30, 34] , these crystals can be grown using the Bridgman and Czochralski techniques from the melt. Actual
Bridgman processes were performed for the growth of 
